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Computed tomography (CT) scans are associated with high patient dose compared to other radiological examinations. It has been shown in European and U.S. hospitals that CT examinations account for more than 50% of the resultant collective effective dose (1, 2) . To avoid stochastic effects such as cancer induction, the doses should be kept as low as reasonably achievable (ALARA). The main issue in patient safety is to reduce the dose and, at the same time, make sure that diagnostic performance is sufficient.
In order to reduce doses from CT examinations, some manufacturers have developed postprocessing filters to optimize the image. These postprocessing filters are low-pass filters, high-pass filters, or combinations of both. The low-pass filters reduce visual image noise and create a smooth image, while the high-pass filters enhance edges and object contrast. A bone algorithm, for example, is usually a high-pass filter, while a smoothing filter is a lowpass filter.
In our study, the detection of liver lesions in the range 2-7 mm was evaluated, and we investigated whether a new postprocessing filter could lead to a reduction in patient dose, while maintaining or possibly improving diagnostic performance in CT examinations. The filter is applied as a twodimensional (2D) postprocessing step after the standard image reconstruction provided by the CT manufacturer. The adaptive nature of the filter is claimed to allow for simultaneous noise reduction and edge and contrast enhancement (3) . The aim of our study was to evaluate the impact of a new postprocessing filter on the detection of small liver lesions in CT examinations.
Material and Methods
The postprocessing filter SharpView CT (ContextVision AB, Linkö ping, Sweden) (SVCT) is a stand-alone product with a filter that is applied as a postprocessing step after standard image reconstruction on a CT scanner. SVCT is compatible with all CT scanners, regardless of manufacturer and model.
SVCT provides context-controlled postprocessing of digital images using 2D adaptive filters in the spatial domain. SVCT is intended for enhancing edges and lines, reducing noise and artifacts, and enhancing image contrast (3) .
SVCT consists of an adaptive filter bank controlled by image content. In the analysis step, a number of features are measured at every pixel. Different features describe whether a pixel is part of a linear structure or not, in what direction the structure is oriented, and whether a pixel is part of the same structure as its neighbors. The compiled set of all these features forms contextual information for every location in the image. This information is then fused to generate a specific filtering method for each pixel that enhances each pixel optimally (3) .
The enhancement processing is performed with respect to predetermined intensity value ranges, socalled ''intensity windows,'' corresponding to tissuetype-specific Hounsfield units (HU). The adaptive filter can thus work differently in different intensity windows.
Data collection
All CT protocols in the hospital had been optimized beforehand in order to minimize the dose levels while maintaining adequate diagnostic performance.
In this study, all scans were performed using a four-slice CT scanner (GE Lightspeed QXi; GE Healthcare, Milwaukee, Wisc., USA). The standard abdominal CT protocol for this scanner is based on the following scan parameters: 120 kV, 0.8 s/rotation, pitch 1.5, 462.5-mm collimation, and 220 mA. The local dose reference level for this protocol at the hospital is lower than the national reference levels for this CT examination (4) .
In order to image the phantom at different dose levels, the same protocol was used for six different mA levels. All other scan parameters were kept constant. The mA levels used were 220, 200, 180, 160, 140, and 110. The pitch-corrected values of weighted CT dose index (CTDI vol ) were correspondingly (in mGy) 11.9, 10.2, 9.2, 8.1, 7.1, and 5.6. In comparison, the national reference level for abdominal CT in Norway is CTDI vol 25 mGy. The reconstructed images were 5 mm thick. Two physicists and a radiographer, who were not involved in the image evaluation process, performed all imaging.
Six readers working at Ullevå l University Hospital assessed all images independently. The group consisted of five physicists experienced in using diagnostic performance phantoms and one radiologist experienced in reading abdominal CT images. For learning purposes, the readers were first guided in evaluating certain areas in the images on a five-point scale (Fig. 1 ). The readers evaluated the 220-mA images first, for training purposes (current standard protocol). These results are not part of the total result of the study. During reading, one physicist assisted the readers in noting all results, so that the readers could focus exclusively on the image on screen.
None of the readers were involved in the imaging process. All images were viewed on the same workstation screen with subdued ambient light. The readers were allowed to choose window settings and to use the zoom function freely. All images were only shown once, to prevent the readers from recognizing the test pattern within the phantom image. No time constraints were given.
Anthropomorphic phantom and ROC studies
In this study the receiver operating characteristic (ROC) methodology (5, 6) was used to evaluate the diagnostic performance of SVCT postprocessed images compared to images obtained at standard image reconstruction on a GE Lightspeed QXi scanner.
An anthropomorphic upper-abdomen phantom already designed for ROC studies of the detectability of liver lesions was used (7) . The phantom has four liver tissue equivalent inserts. Each of the four inserts may be conceived as being divided into eight sectors, which gives a total of 32 test sectors to be inspected in each image of the phantom. Sixteen of these sectors contain holes with diameters ranging from 2 mm to 7 mm, and these were filled with different mixtures of glycerol and water to simulate the lesions. The upper-abdomen tissue equivalent phantom, with the four positions for the ROC inserts indicated (A, B, C, and D) and an example of an ROC insert with half of the sectors occupied with low-contrast rods, is sketched in Fig. 1 . The design of the four ROC phantom inserts, with diameter, contrast, and position of the lesions, is presented in Table 1 . The HU of the glycerol mixtures were measured and compared to the HU value of liver tissue substitute, to evaluate the differences in contrast. The substitutes were less dense than the liver. The inserts were interchanged between the four positions A, B, C, and D, and also rotated in the cavity in such way that each dose level resulted in a unique orientation of inserts.
The six readers were asked to focus on the insert areas in the image, and evaluate possible findings within each different sector ( Fig. 1 ). Each test sector was given a score reflecting the assessed probability of a lesion being present in the sector. The readers were then given a set of 10 images at different dose levels, each image with 32 details to be evaluated on a five-point scale. The evaluation criteria used were: 15definitely negative; 25probably negative; 35possibly positive; 45probably positive; 55definitely positive.
A total of 1920 sectors were evaluated in the study. At each dose level, the readers evaluated one image without enhancement and one SVCT-enhanced image. In total, each reader evaluated five images with SVCT enhancement and five without. Readers were blinded to exposure settings and imaging mode. To prevent learning bias, all images were shown in random order with respect to dose level.
The ROC curves were derived using Analyse-IT (version 1.72, July 22, 2004; Analyse-IT Software Ltd., Leeds, United Kingdom). Analyse-IT uses a nonparametric method for constructing curves. The Hanley/McNeil method (8, 9) for curve comparison, which requires all tests to be performed on the same subjects, was used. If the tests are highly correlated (Pearson's correlation coefficient rw0.9) or the area under the curve is outside 0.7 to 0.975, the two curves cannot be compared. Pearson's correlation test is a measure for an association of two variables. The P value was computed using the t approximation. A t test was used to test for a difference in the means of the two samples.
Results

Diagnostic performance at different dose levels
At 200 mA, the difference in the area under the ROC curve using standard image reconstruction versus SVCT enhancement was 20.076 (P50.0002). The same tendency was seen at the other dose levels ( Table 2) .
At 160 mA, the difference between the unenhanced and the enhanced images was 20.063 (P50.0093); at 140 mA, the difference was 20.093 (P50.0015). Improved diagnostic performance Fig. 1 . An image of the anthropomorphic phantom, obtained before the holes through the liver substitute were filled with mixtures of glycerol and water, with the four positions for the inserts indicated (A, B, C, and D) (left panel), and an example of an insert with half of the sectors occupied with low-contrast rods (9) (right panel). In order to simulate liver lesions, there were four inserts in the liver, each with eight sectors (totally 32 test sectors). In 16 of these sectors, holes with diameters ranging from 2 mm to 7 mm were drilled and filled with different mixtures of water and glycerol. using SVCT was seen at doses less than 70% as compared to the standard CT protocol ( Table 2) . Similar or even better diagnostic performance was seen at 140 mA when using SVCT compared to the standard 200-mA protocol. The difference in area under the ROC curves at 200 mA using standard image reconstruction versus 140 mA using SVCT enhancement was 20.057 (P50.0753) (Fig. 2) . The SVCT-enhanced images at 200, 160, and 140 mA gave approximately the same score and area under the ROC curves ( Table 2 ). No significant difference in diagnostic performance of the SVCTenhanced images was revealed at these dose levels, but at 110 mA the diagnostic performance was drastically reduced compared to the diagnostic performance at the other dose levels (Fig. 3) . The difference in area under the ROC curve between the 140-mA and 110-mA SVCT-enhanced images was 0.124 (P50.0005).
The same tendency was true for the unenhanced images (Fig. 3) . The standard images at 200 mA, 160 mA, and 140 mA gave approximately the same score and area under curve. As indicated for the SVCT-enhanced images, no significant difference in diagnostic performance of the standard images was discovered, but at 110 mA the diagnostic performance was drastically reduced compared to the diagnostic performance at the other dose levels. The difference in area under the ROC curve between the 140-mA and 110-mA standard images was 0.126 ( Table 2) .
The difference in area under curve between the 200-mA standard image and the 180-mA SVCT enhanced image was not significant, which means * If the tests are highly correlated (Pearson's correlation coefficient rw0.9) or the area under the curve is outside 0.7 to 0.975, the two curves cannot be compared. This is shown as a ''-'' in the last column of the table (P values). ''Standard'' denotes the standard reconstruction filter using the GE Lightspeed QXi, and ''SVCT'' denotes postprocessing filtration with SharpView CT on top of standard filtration. that the diagnostic performance of these images was approximately the same. The difference in area under curve for the SVCT images compared to the standard images at the 180-mA dose level was not significant either, although the area under the curve of the SVCT images was slightly higher than the standard image ( Table 2 ).
Interobserver differences
Interobserver differences for all images at all dose levels showed that the same readers gave the best scores independent of dose levels. The interobserver differences between the reader with the highest score and the reader with the lowest score in the study were smaller for the SVCT-enhanced image compared to standard image reconstruction at the same dose level. At a 160-mA standard filter, the area under the curve for the lowest score was 0.59, and for the highest score 0.88. If the area under the curve was outside 0.7 to 0.975, the two curves could not be compared (Analyse-IT, version 1.72, July 22, 2004).
The difference in areas under the curve between the readers with the highest score and the lowest score for the SVCT-enhanced images was 0.17 (P50.04) (Fig. 4) . The corresponding areas under the curve were 0.88 and 0.71, respectively.
One reader gave consequently lower scores than the others at most dose levels. The results of the reader with the lowest score did not influence the total score of all readers, because of the consistency between the results of the other readers ( Fig. 5 ).
Discussion
This study indicates that dose was decreased by approximately 30% while maintaining or even improving the diagnostic performance in detecting liver lesions of size 2-7 mm. Overall, diagnostic performance was better in all the images reconstructed with SVCT than without. Fig. 4 . The area under the ROC curves for different readers at the 160-mA dose level. All readers, except reader 1, scored higher for SVCT (SV) enhanced images compared to standard (Std) images. There was a significant difference in results between SVCT and standard reconstructed images for reader 1 (difference in AUC 0.098, P50.04) and reader 6 (difference in AUC 20.102, P50.04). For readers 2 and 3, the Pearson correlation test could not be used, and a P value could not be computed. For reader 4, the difference in AUC was not significant (difference in AUC 20.066, P50.16). There is no significant difference between the areas under the curves. The results of the reader with the lowest score did not influence the total score of all readers, because the other readers had more similar results.
At the lowest-dose protocol (110 mA), the area under the ROC curves of the SVCT-enhanced image was lower than all the other ROC curves, except the unenhanced image at 110 mA. This indicates that there is an absolute limit in dose reductions using modern postprocessing enhancement tools such as SVCT. This may be due to the fact that SVCT enhancement detects structures by examining each pixel in relation to the wider context in which it appears. The system determines whether each pixel is part of a linear structure such as an edge or a line. At the 110-mA dose level, the image noise may be too high, such that the filter does not separate real lines and structures from noise structures.
There is always uncertainty connected to postprocessing of images after the primary reconstruction, because the original amount of information is the same even though the images subjectively look better. Our results indicate that SVCT improves the diagnostic performance of a liver protocol, and that even small details are visible with this postprocessing enhancement.
The inserts were changed and rotated between the different scans at various dose levels. This means that diagnostic performance could vary depending on the position and rotation of the lesions, due to artifacts from the surrounding tissue in the phantom. The results at the 180-mA dose level, where both the standard and SVCT-enhanced images gave poorer scores compared to the 200-mA images of same kind of enhancing, may be due to artifacts from the surrounding tissue at this specific dose level.
The interobserver differences were smaller for the SVCT-enhanced images than for the images with standard image reconstruction at all dose levels. The observers with the highest scores seemed to have even better consensus when evaluating images enhanced by SVCT, due to improved diagnostic performance. Also, the reader with the poorest score had better reading results when assessing SVCT-enhanced images.
The two readers with the highest score at most dose levels reached approximately the same score for the SVCT-enhanced images, even though there was a difference between these two reading results for the standard processed images. This may indicate that SVCT enhancement improves image structures and reduces image noise, so that reading images becomes easier for all readers, and the effect of interobserver differences is reduced.
The phantom used is suitable for evaluation of diagnostic performance in images of liver lesions of size 2-7 mm. However, there are some practical problems with the liquid glycerol solution, such as air bubbles and precipitation. Although the acquired images were satisfactory, it would be more reliable to use solid test objects.
In this study, only the perception of small liver lesions with lower densities than liver was investigated. There are several image-quality factors such as signal-to-noise ratio, contrast resolution, detection of small high-contrast details, and pattern recognition that are important parameters in image quality. Noise level in the image highly influences the visibility of small low-contrast details. If the signal-to-noise ratio is improved, normally the lowcontrast resolution also improves. Before recommending dose reduction while using SVCT for other CT examinations, other image details, such as visibility of lines and structures and recognition of patterns, must be studied as well. Lesions with higher densities than liver should also be evaluated for certain diagnostic purposes.
The images were randomized with respect to dose level, but not with respect to postprocessing. There might be a possibility for bias because of this. However, the readers were not aware of the order of the images, and they did not recognize the images during reading. Therefore, it is not likely that nonrandomized images with respect to postprocessing affected the results.
In the study, the readers were given no time constraints during evaluation, and they were allowed to use functions such as window settings and zooming freely. The results might show some difference in reading score between the readers depending on total reading time, due to the fact that optimizing the images further with window width, window level, and zooming takes extra time. To achieve more homogenous results, it would be necessary to standardize the reading criteria further. On the other hand, the readers used the same reading tools and time as they normally would do.
In conclusion, there is great potential for reducing dose from CT for detection of liver lesions in the range 2-7 mm using the SVCT enhancement filter. Radiation dose for abdominal CT examinations of liver lesions may be reduced by 30% using SVCT, while maintaining or even improving diagnostic performance of the examination. It must also be remembered that the postprocessing filtration was limited to liver phantom images. The software must be fully tested clinically to assess the benefits of this filtration.
